Introduction
T HE potential benefits of hydrocarbon fuels and dual-fuel propulsion for future Earth-to-orbit vehicles have been shown in a number of studies.
1 " 6 Of the several hydrocarbon fuels considered, methane and propane are the favored candidates. In a previous study, 5 methane and propane were compared for use in a single-stage, Earth-to-orbit vehicle with dual-fuel rocket propulsion. The results indicated a significant advantage for propane, and further optimizations were conducted using this fuel. The purpose of this Note is to show how the comparison changes when both methane and propane vehicles are optimized. The analysis is the same as that described in Ref. 5 .
Results
The results are shown in Figs. 1 and 2. In Fig. 1 , the dry mass characteristics of vehicles with both fuels are shown. The flagged symbols at a hydrocarbon thrust fraction of 0.8 and a hydrocarbon propellant fraction of 0.79 are the same results shown in preliminary screening. 5 As the vehicles are optimized, the difference is reduced slightly, but the conclusions do not change. Propane is still the preferred hydrocarbon fuel to minimize dry mass. Figure 2 shows the corresponding results for vehicle gross mass. In this figure, the difference between propane and methane decreases noticably when moving from the flagged symbols to the points with minimum gross mass. Propane is the fuel which minimizes gross mass. The results with methane indicate that a vehicle with only hydrogen fuel (a hydrocarbon fuel fraction of 0.0) has a gross mass as low as any dual-fuel vehicle.
Conclusion
When single-stage-to-orbit vehicles with methane and propane fueled rockets are optimized, the preferred fuel for minimum dry or gross mass is propane. 2 indicates that second-order solutions of the partial differential equation of steady and unsteady supersonic flow can be obtained by the use of particular solutions. The partial differential equation considered in this Note is not the equation of steady supersonic flow, but it is similar, and we shall give the particular solution of the rolling term. Then, we get a real three-dimensional method to calculate the unsteady supersonic flow of a rolling wing by means of the second-order theory. Hence, the series of results from the unsteady second-order theory can be used for rolling wings. 4 ' 5 For engineering practice, we apply strip theory to study the problem of stability of a rolling wing of arbitrary planform and cross-sectional shape at a certain angle of attack in a supersonic stream. Calculating the roll damping of a wingbodytail rocket, this method can give a second-order correction to the calculation of the linearized theory, which is systematically summarized in Ref. 6 . The results shown agree well with available experimental data.
Theory
The partial differential equation to be used is a special case of the three-dimensional time-dependent equation for the potential function of a nonviscous compressible fluid. Using a method of analysis applied to the three-dimensional problem, 7 it is found that in the sufficient condition: (Mb) 2 < 1, /z 2 <^a 2 , and Kol\i< or = O(<5), where the dimensionles parameter d is the thickness ratio of wing, a is a measure of the lateral extent of the boundaries, and \L is another one to define the vertical extent of this neighborhood, the potential equation [Ref. The coordinate axes are chosen as indicated in Fig. 1 . The first-order solution is
The second-order potential function <t> l must satisfy the nonhomogeneous equation (3). The particular integral of Eq. 
9
(3) was found to be
Now we can consider the solution <t> l as the sum of the particular solution Eq. (7) and the complementary solution 4>°\ that satisfies Eq. (2) and subjects to the boundary condition 
wing area
Calculations and Discussion
We have calculated the roll damping moments of two rocket models using the linearized and second-order theories. The effects of wingbody interference are estimated by the linearized theory. Figure 2 indicates that the agreement between theory and experiment has been improved considerably. Figure 3 shows the roll damping moment of a rocket model. The calculated results of the linearized and secondorder theories were compared with the experimental values presented in Ref. 9 . Because of the small thickness of the wings (only about 3%), the use of the second-order theory did not result in much improvement.
Conclusions
Because an exact particular solution Eq. (7) has been found in this Note, a real three-dimensional second-order theory may be used to study the problem of stability of a rolling wing of an arbitrary planform and cross-sectional shape in a supersonic stream. The results show that the second-order theory can give a slight improvement in the roll damping of a wingbody rocket based on the results of the linearized theory. 
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